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We generated a mouse line harboring an autosomal-dominant nocturnal frontal lobe epilepsy (ADNFLE) mutation: the cy4 nicotinic 
receptor S248F knock-in strain. In this mouse, modest nicotine doses (1-2 mg/kg) elicit a novel behavior termed the dystonic arousal 
complex (DAC). The DAC includes stereotypical head movements, body jerking, and forelimb dystonia; these behaviors resemble some 
core features of ADNFLE. A marked Straub tail is an additional component of the DAC. Similar to attacks in ADNFLE, the DAC can be 
partially suppressed by the sodium channel blocker carbamazepine or by pre-exposure to a very low dose of nicotine (0.1 mg/kg). The 
DAC is centrally mediated, genetically highly penetrant, and, surprisingly, not associated with overt ictal electrical activity as assessed by 
(1) epidural or frontal lobe depth-electrode electroencephalography or (2) hippocampal c-/os-regulated gene expression. Heterozygous 
knock-in mice are partially protected from nicotine-induced seizures. The noncompetitive antagonist mecamylamine does not suppress 
the DAC, although it suppresses high-dose nicotine-induced wild-type-like seizures. Experiments on agonist-induced 8S Rb + and neuro- 
transmitter efflux from synaptosomes and on cv4S248Fj32 receptors expressed in oocytes confirm that the S248F mutation confers 
resistance to mecamylamine blockade. Genetic background, gender, and mutant gene expression levels modulate expression of the DAC 
phenotype in mice. The S248F mouse thus appears to provide a model for the p -nic element of ADNFLE semiology. Our 

model complements what is seen in other ADNFLE animal models. Together, these mice cover the spectrum of behavioral and electro- 
graphic events seen in the human condition. 
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Less commonly, there are prolonged ballistic limb and trunk 
movements resuUins; in .nun v ■; Vheiier et ;iL i 995; < x>nihi of a!.., 
200 -i\ AuhKuiral-dr:!^, ' : ■ ■ v .-m; { \ } ;;-, t :hdler d al., 
1995), a familial subtype of NFLE, was mih > 

i;!!--fnv s: .: .. ■'■ u : .■: \. ■. . . ■■■ : 

ceptor subunit («4-nAChR) gene (Steinlein et al., 1995) at posi- 
tion 6' in the M2 transmembrane region. Subsequently, in other 
ADNFLE pedigrees, additional mutations were discovered at the 
a4 M2-10' (Steinlein et al, 1997; Hirose et al., 1999), M2-17' 
(Steinlein et al., 1997; Hirose et al, 1999), and 02 subunit M2-22' 
position that contacts M2 in most 
structural models (De Fusco et al, 2000; Phillips et al, 2001; 
Bertram! et al., 2005). A mutation in al (Aridon et al., 2006) was 
identified in a pedigree with atypical nocturnal epilepsy. 

Electrophysiological analyses of heterologously expressed 
ADNFLE alleles suggest that ADNFLE mutant receptors display a 
gain of function (Bertrand et al., 2002; Rodrigues-Pinguet et al., 
2003, 2005). Two mouse strains with extreme gain-of function 
mutations in <*4 at the M2-9' position (not linked to ADNFLE) 



Introduction 

Nocturnal fron tal lob-- e c terized by clus- 

lers of slereulypii. cj v ' ;i , ^-" > ■ " ; V;) 'i< -deep ;KM>Li;5ied wiih 

dyslonic neck, limh, ir;i;ik movements ih;U occur duniis; 
stages 2-4 of non- rapid < 

1992; Plazzi et al, 1995; Provini et al, 1999; Provini et al., 2000). 
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Liyspontane- 

< JOS) but are hypersensitive to 

many effects of nicotine. The reported L9'A mutant low-dose 
nicotine-induced "behavioral seizures" are not associated with 
epileptiform spike-and-wave electroencephalographic (EEG) 
changes (Fonek c ah, J005-: in litis reaped, the L9'A nicotine- 
induced behavior resembles most ADNFLE attacks (Combi et al., 
2004). 

Two ADNFLE knock-in strains have been described: the 
Chrna4S252F (same as our S248F M2-6' mutation) and the a4 
in-frame insertion of a leucine at M2-17' (Klaassen et al., 2006). 
Both lines display spontaneous seizures of two types: brief peri- 
ods of behavioral arrest and extended attacks of wild running 
associated with falls. In contrast to typical ADNFLE seizures, 
which display epileptiform electroencephalograms in only one- 
third of patients (Combi et al., 2004), these mice display frequent 
spontaneous seizures associated with high-voltage EEG spikes 
throughout the day. However, ADNFLE includes a spectrum of 
cliniaii manileslalioiis. AiiSpmgh brief dvsloinc ' exlrapi rami 
dal" semiology is a signature of ADNFLE (Scheffer et al., 1995; 
Combi et al, 2004; Bertrand et al, 2005), occasional patients 
display violent, prolonged hyperkinetic activity (Scheffer et al., 
1995). Thus, the Klaassen lines could represent a more severe 
model of ADNFLE. 

Here we report that a4 S248F knock- in mice respond to mod- 
est nicotine injections with a novel behavior that closely resem- 
bles the dystonic head and limb semiology of ADNFLE attacks 
(Scheffer et al, 1995; Combi et al., 2004). Consonant with the 
majority of ADNFLE attacks in humans (Combi et al., 2004), the 
dystonic paro > • . ■■ .ice are not accompanied by overt 
epileptiform changes. 

Materials and Methods 

Materials. [ 3 H] Dopamine (40-60 Ci/mmol), [ 3 H] GABA (35 Ci/mmol), 
86 Rb + , and [ 12 il liner (Boston, 

i k pii duels 

of Sigma-Aldr i ' oihw iad 

atropine sultad 1 nn nni- 

nooxvaicctic acid!, cyiaainc, dii.-.opho,phoiluon>pho.;phatc, glucose, 
NNC-71 1, noiiiilcnsi.ws, papp Aa-, and asiaae-a- a ; i H JM'.S ocas from 
Roche Diagnu P IN), and sucrose was from Fisher 

Chemical tistirhwfi, Nil). Mecamvhmino iwcd in svnapn > s. ana aaaaeas 
■ > 'Railway, NJ). 

Mecimyhminr un'uuii \ i t a"' it i md 

niwtinc (iaeij in behavioral aii.ia.aaa^ aaar. a taai SijiPiei ' Si. Louis, 
. a 
' . ■ . , • ■ • ■ . " 

ii'oin ( down Seienlii a. '\!a! «a;aaa ia-asaha . Maaaiiivlaiiiina usaii in 
ilia one vie aieady- lab obtained Pann Sigma. 

. ' ■ ■ . ; '. ■ a'. ■■ a . a 

■ ■ . ■ .. • • • a . 

a.. .a ; a b a . . : : ■ a; • a aaii,a at ! kahh a 

a : ■ sa S: , aa, a sac a a Mia I • a, :ir afaoiorad tndthe 

■i ' a a a, 

; \n -4000 bp fragment containing 

exon 5 of She u4- 1.9S' targeting construct 

(Labarcaetal.,2f!Pi 1 1 n >. n * i lie and cloned into pBlue- 

■ • ■ a - 

1 1 1 agenesis kit (Stratagene) 
to cc . e the S248F mutation. 

Primers used tut mutagenesis icaction were a 40 bp sense 
5CAGGTCACGCTGTGCATCTTTGTGCTGCTTTCTCTCACCGT-3' 
and 40 bp antisense 5 ' - ACGGTG AGAGAAAGCAGCACAAAG- 
\TG( V \ I •• ijx)() bp Spei fragment containing 

the S248F mutation was recloned into the targeting construct backbone. 

•i uei was .1 15.2 kb plasmid containing the S248F 



: : ■ ' < a ■, a. a' . 

resistance cassette clon ditheria 
, • . ■ . .... . 

limb for negative selection 

linearized will i it of embryonic 

aa., . .a a • ■ a . a . ■ . a a a . ■ ' 

by an EcoBliBamHl digest Southern blot using an -1000 bp flanking 
. ' a., a. a a ■ .a. ' a , ■ s .... . aa a , . a. ■ . a ■■■ ■ 

a. aa . ■ • a.a.a ' : ' ' Sa : ■ . s a. . • • . a a a . a , . ,'a a. 

a . a ..' .. lercsW ,.aa: [7.'; 

aid a i<i . ■ ■ denuded 

by Southern 

taai a v ,j,raat aapan, ilia acre aasa a aa.a ' V. PP/p blastocysts for 

generation ot 

iraieniiitOiia acre mated with ;ip M-Aateaead .uk-nuvirus lilla 
promoter dreaii era aaaasss aaaaa; homozygous f ransgenic 
1111,0 ■ l.ak.o al al.. Ae»a oa .0 to o:a ::,a lie- neomycin selection ..ataaeiie. 
! he grcwikc oi tile imitation at the RNPV iavof was; vended lay extracting 
total eram R\A, waithcsieing cDNA using die iarst Stisiiul d>NA ayn 
thesis kit (Imiii ' 1 tmplicons gener- 

atad a, Pt i.p I aa.aa. pa-aa , I ' PP Ppa ia,. kgta >t ind nines were crossed 
with each other to generate horn, were mated with 

( a s BP/0 mice las generate mice on at ' P, ,g I. /p. genet as background, i iigji 
percentage chimeras wen 1 1 "ie 129Sv background WT 

mice (Howard Florey Institute) to 1 intact heterozy- 

gous 129Sv background mice, and these were used in crosses with 
Cre activator lines whan chimeras were no longer generating progeny. 
PCR using sequence-spe.ii 1 • based on the sequence of 

the original L9S' plasmid (Labarca et al., 2001) spanning the residual 
LoxP site were used to identify transgenic progeny. Forward primers with 
the sequence 5'-GAGGGTACATAGTGTAGTCT-3' and a backward 
primer with the sequence 5'-AAACAGCCTGAACACT-TCAA-3' were 

EEG monitoring of mice. Mice were anesthetized with chloral hydrate 
(4.0%, 0.0 1 ml/g). Four electrodes were fitted onto a plastic cap to occupy 
the following position on a mouse skull: front, right, and left, 1.5 mm 
anterior to bregma and 1 .5 mm l ateral to the midline; posterior righ t, and 
left, 3 mm posterior to bregma and 1.5 mm lateral to the midline (Frank- 
lin and Paxinos, 1997). The cap and electrodes were secured to the mouse 
skull using dental cement. The mice were allowed to recover from the 
procedure for at. least. 2 weeks before EEG recordings commenced. The 
potential difference (voltage) between two frontal electrodes was re- 
corded as the 1111 ie!, whereas the difference between the 
two posterior electrodes was recorded as the posterior EEG channel. A 
Molecular Devices Digi-Data programmable signal conditioner and Cy- 
:xo snip Asp were connected to a 1'emium 4 personal conipuicr t i'C b io 
record ebPi data. Bold Pie 1 a. aa 10 m nd posterior channels were sampled 
an i is! is soil h iiandpass tiilmmg at P-PP lis Mice were monitored |«*r 
aaschiv changes and Pa -evidenced spontaneous chat is >graph re seizures 
both during extended daytime and overnight as described below. Five 
niinules ot aaseiine clecps-e ., a ; - a, a- 1 a : co-re recorded before nico 
line was administered ics s e - ■■ -a -- aee- Pi g. -,,a. injection behavior waa 
an dsenh : alio asnn tied 
w ere blinded to the genotype of the mice. 

edainaaaipepPiaePapae.aPaase .. - - -. . . - s . 1 ; sac a.-, aw ens 
dural and depth-electrode video-electroencephalogram rec 

12 L ) genetic back- 
ral was monitored 

cecii w-ww'd 
period. Mice were anesth-" n nil 1 n is 

lure of keiamine PP ma leg; .Paiaiei! Laboratories, Alexandra, New South 

a - 1. W ,a . , a - ' a : . . . ' ' ■ . . ' I, 

New South Wales, Australia), and their temperature was monitored and 
maintained using a heated blanket (Frederick Haer C01 
ham, ME). Mice were placed in a mouse-ada 

NeuroLab, St. Louis, MO) in a flat skull position. Monopolar electrodes 
made of insulated silver wire (0.125 mm in diam- 
the left ventral orbital cortex (VO). The VO i 

bregma, 0.9 mm lateral to midline, and 2.7 mm dorsoventral as described 
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previously (Franklin and Paxinos, 1997). The VO was chosen for depth- 
mouse brain (together with 
the i > a relatively 

no use cortex (Franklin and Paxinos, 
1997) corresponding to the human homologs of ictal focus (mesial and 
oihilal fronLil cc Bed by video- electroencephalogram 

nography, and focal hyper- 
perfusion on ictal single photon emission computerized tomography 
)NFLE (Hayman et al., 1997). The animals were also 

.. ' : 

;kk 

a a. ■ . ■ ■. ■ ' ■ . : ■ 

bregma and 2.5 mm lateral to midline) and the left and right visual cortex 
(4.5 mm caudal to bregma and 2.5 mm lateral to midline) (Franklin and 

Paxinos, I ■ 

[}lj;tn.I tQillae.k MeidoUiaSa dead, ,e , ■ ii 0,0 III k.hed in the -,k s 1 1 ! 

and cemented in place using dental cement. The animals were allowed to 
recover, and all recordings were made from animals between 3 and 10 
days after surger) were recorded with a computer-based 

digital acquisition system (Chart version 5.4.2; ADInstruments, Sydney, 
Australia) with concurrent video k ' toial analysis 

(QuickTime Capture Module version 1.2.2). All animals were placed in a 
1 <lu ' .ii til il 

wore referenced to signals from a ground screw implanted in the bone 
over the frontal association cortex. EEC recording from each animal was 
monitored for several hours between 9:00 A.M. and 4:00 P.M. immedi- 
ately before injt » ' \nimals were then given injections of 
nicotine (2 mg/kg, i.p.) followed by pentylenetetrazole (PTZ) (70 mg/kg, 
s.c.) to ensure that all electrodes were adequate for recording seizure 
I i " i (h i eordin perini nt miiiial were 

given Ililei.tlolIM (>l ;| lethal dose o! YeniauPii ' add Jna id; 1 

ii icinoud ind quil 

ibrated in sucrose, and 50 /xm sections were cut on a cryostat. Histolog- 
ical analysis was performed after neutral red staining to verify the 

Epidural electrodes onh ilograms under- 

taken on 10th backcrossed C57BL/6 S248.F knock-in and WT mice. For 
i iii t lodes made of insulated 

stainless steel v . • •>••> removed at 

the tip were po • > • • n »ory cortex (0.9 

i th I ft ind 

midline) IT: . 1997). 

i i " / \" K used ii! tliK • i tor intraperitoneal m 

(addons witc made up in dead .■• -J ;ee and o ea, a-:. v , ..a: in a volume ratio 
of 100 ' I g body wight. For the seizure study, drug-naive male and 

i i ,i 1 WT mice between 11-17 weeks of age, from 

Hirer diikrent genet a. n.tckgfoitiid., mice derived vc mating germlm,-- 
iransiiiiiting chimera, v>llh ; kd ,a-eae.a.. Wi.ikre homoyegoa; mice 
!( ii >[./ 1 ddSkn ink edeneed 1,'C:; -. . , i ; dvM h e i e l .1/ ,-a, > a S ill ice 

once wilh ( k/m.d, mae id a- \ ' . and mice backed, aied five limeion a 

( kdiii./r, background ' iii \a. . oad ,,a knock-,, iu mice and hiier- 

inak ei.niroi ma. a a sad; oi as :a kdSvi d m Ik. a aackground 'Rose 
ai a • .■ a .: a , ■■ 

iorn.e,d .viae a a . a ,ia., : da add leak animal received a single 



were used for each of the three doses of ni 



le used in each of the three 



a' .... 



ioral end points .. e chose 
they were either correlated 



lire-like 
ale (Franceschini et 
defined by the pres- 
activity, or death; 1, 
lg; 3, loss of righting 
dzure. These behav- 
eizure scale because 
cal EEC spike-and- 
ampal correlates of 
a studies (data not 
>sthoc evaluation. In 
i drug dose. Fifteen 



For the mecamylamine experiments, heterozygous B.L6 N 1 female 
mice 14-16 w;a 

0.5 mg/kg me.,ii, = i) ,n,, ( f = i 

mice received 8 mg/kg in pb in 

glass aquarium, and their behavior was monitored and recorded. 

■ ■ ' S ' : , • 'e ; . •"■ ' e ' ' ' 

Ily it 0, 40, or 60 

e . , e , ■ a a ,■ e: i ... ; ' 

cvclodevtrin. locale mimitc-. alter are,, .uiuunkt ration, locomotion 
mas scared using . smipie quadrant -cm ■-. ay -aaien iadefly, the floor ol 
the glass-walled. > I < 

iii tii ,jx quadrant.-,. '! lie iiameoi -. -t ,,a. u;r iats tin- ns nrsc entered with all 



ndtc 



e , 



-'■I' ' n 



expei 



mad a 



e videotape, 
randomly i 



ingpe 



ai 1 ,s 



:d5 

it doses of car- 
ne challenge (2 



weeks later 

aauia/epiiKs and the ■exp-erii 
mg/kg, i.p.). 

ha- ,' ,-a a : i ude alnalie hiai-a-d kkl and S.MKF knock-in 

mice heterozygous for the S248F mutation and Fos-Tau-LacZ (FT.L) 
trail 

to ileal micaesnis with saline and k,r d lig/'kg mod inc. Two hours alter 
drug adi 

(0.35 mg/g) and perfused with 50 ml of ice-cold PBS, followed by 50 ml of 
2% PFA and 0.005% glutaraldehyde. Whole brains were removed and 
stored overnight in 30% sucrose in PBS. The following day, 40 /xm coro- 
nal sections were cut using a cryostat and collected in cryoprotectant. 
Sections were rinsed in PBS and incubated overnight at 37°C in 5 imt 
potassium ferric] I i I , and 0.4 mg/mlX-gal. (Wilson etal., 

2002). The reaction was stopped by the addition of 0.5% PFA in PBS, and 
the sections were washed and mounted in 0.5% gelatin. Sections repre- 
sentative of 2.2 mm posterior to bregma (Paxinos and Franklin, 2001) 
were id ntifi d md ima were obi Ii Pic! ti ame software. 
The number of LacZ-posi Si ve neurons in Hie CA1, dentate gyrus, and 
pyramidal cell layer of the hippocampus were determined using Image] 
software. 

Intmcerebrovai: ci//,s hi), hms. Female heterozygous C.Dl/129Sv 
and BL6 N 1 hybrid genetic background mice were anesthetized with 5% 
in dim mdseeuicdm i stereotaxic apparatus, and the 
ska 11 a ee- leve'ea a. a ankaudda -\ .'.a gauge stainless skvl 

guide can .ne.ki - -a,-: , ,n.-d a He da- lateral mi it oka, O.S mm posterior 
to bregma, 1 mm l ateral of the midline, and 1.2 mm below the surface of 

i to the 

skull using dentil icrylic ind plu< < 1 it-1 obtui itoi 

Mice were allowed 1 week to recover from surgery. A prefilled 30 gauge 
inieatoi was inserted into the caniiada. in,- mouse was placed in the 
test arena, tana minuie iateia kkk- ugot iaoiinn- (at a concenl tail ionol a.'i 
;ig ;i! was administered over '. me , a , -a -aaa soared. The injec 
tor remained 

I-; -a - not readily cross 

the blood-brain barrio , t.daike, a-.a - . , k kaaane t 1 mg/kg in 

e intraperitoneal 

nicotine J mg kg chaiiange. ;.'!iion -aa., . a - -. .... i - ■ ■ : i 

a c O. .. ; . ..a,. ., ■., - ■ . . • ; . ■ .. ,. , 

a a - ' a .,. na ■ , - a a a- l.a a-i.-o. -a ; ... 

complex (DAC) was in Cceptoi s 

: "' 7 kri/arri.Iiiia ,aoai-aaa,eeaaiii ! he iaaa.ee.- ■ , ,ea . . . , . 

vious study (Pradhan et al., 2002) . Briefly, brain sections from mice were 
thawed to room temperature and pic min at loom tem- 

perature in buffer containing (in im) 50 Tris, 120 NaCl, 5 KG, 1 MgCL,, 
and 2.5 CaCl 2 , pit 7.0. The slides were then incubated for 2 h at room 
temperature in buffer with 15 pat [ 
Nonspecific binding was defined 
bitartrate. Sections were then rinsed in ice-c 
and distilled water (2 s). Dried sections were apposed 
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O) i odak, Rochester, NY) together with [ 14 C] standards for 12 h 
loping. The developed films were subsequently quantified 
using the Scion (Frederick, MD) Image system (PC version 1.4 of NIH 
Im ige l, by a'liif tutoradiographic images 

with those of corresponding standard microscales. After autoradio- 
graphic films were developed, the brain slices were stained with 0.1% 
thionin, cleared, and coverslipped. Mouse brain nuclei were subse- 
quently defined v. 

Paxinos, 1997). The denedy ot \ brain nuclei is ex- 

pressed as dpm/mm 2 . In every experimental condition, total binding was 
measuied fiom four cuiv«\ 

... ' " ' a ■<■..■■ ■ : : 

each napi a a s,e. are a] 

mean ± SEM. The statistical pio; i mi Vpni iStat ( Jandel Scientific, San 
Rafael, CA) was used throughout. One-way ANOVA followed by the 
Dunnett's test or a Kruskal-Wallis ANOVA by ranks followed by the 
Dunn's test, was performed for the comparison of radioligand binding 
parameters between heterozygous til.. c md WT coun- 

terparts. A significance level of p < 0.05 was used throughout. 

[ 125 I]Epibatidine binding to membrane fragments, A previously de- 
scribed method (Whit.ea.ker et. al., 2000b) was used to prepare mem- 
branes from torn 

amus from three genotypes (wild type, heterozygous, and homozygous) 
of S248F knod n >n binding experiments were per- 

formed as described pre\ <• i et al., 2000b). In separate 

experiment i > , d mi i d us- 

ing 200 pM [ 12 i 1 0, 30, and 150 n.M cytisine. Data were 

calculated using a two-site inhibition model. 

Synaptosome preparation. Mice were killed by cervical dislocation, 
brains were removed and placed on an ice-cold platform, and cortex, 
hippocampus, striatum, and thalamus were dissected. Each region was 
individually homogenized by hand in ice-cold sucrose (0.32 m) buffered 
to pH 7.5 with HEPES (5 him ! using a glass-Teflon tissue grinder. The 



resuspended in the appropriate butk i • Inactive tracer. 

Uptake of 'rod < 1 1 1 11 thods were used 

for 8<5 .Rb + uptake (Marks et al., 1999), for [ 3 H j GABA uptake (Lu et al., 
1998), and for tritiated dopamine ([ 3 H]DA) uptake (Salminen et al., 

I ' , .1 ! • • . (ipllmpluU 

(10 /am) during the last 5 min of the uptake procedure to inactivate 
acetylcholinesterase. 

N,iiii>li,uisniilir! .v/:'j dp epfes., .. \de-- upsdse . a ra.dio- 

aeiive neifrmiransiniHer Parser. napp.no nie, nvre a! upon led « « n I . > til I crs 
<•(! ;i perhi.sion apparaPn-, and penaned lor '.(; min mih cutter ' '. >• me 
NaCl, 2.4 bim KQ, 3.2 mu CaCK, 1.2 mm KH 2 P0 4 , 1.2 mM MgS0 4 , 25 
mM HEPES, pH 7 10 n gli ' ,m e serum albumin, and 1 
/.im nirmpine! conPonmp Pa as :.; ixnnMake inhibiior - dp; me \'\'C- 
711 lor CAKA or '. ps ma, oPeeaa;- a-; \p p soiun.eis esere mad..- 

. ■ . ■ . . . ' d 

ille '!•<>' II A! Hi Is, .a <xpePs,,,aa:. mere .'H%ivJ !.M,i. rxMII 30 :1 X for [he 

i ■ . ..' . . . ■ ■ ■ . . .. 

exposure io AC 'li. !'iia f.eae , ■ a ero ere Ps an inhibition amsf txMII is 
h (Salminen 

etal 



and 10 s haction - --dug a Gilson 

(Middleton, WI) FC204 fraction collector. Optiphase "Su| - _ - 
filiation mixture was added, and radioactivity was determined using a 
P <n counter (instrument and mixture 

'nstrument efficiency was 

40%. 

86 Rb T efflux was determined by perfusion of synaptosomes with 
buffer (135 rriMNaf 1 5n 1 5 nm KC1, 2 mM CaCl 2 , 1 mMMgS0 4 , 



25 dim HEPES hemuodrum, 20 m.M glucose, 50 n.vt tetrodotoxin, 1 /< vi 
atropine, and 0.1% bovine serum a 

et al., 1999). Efflux was iir "sly tor 3 min per sample by 

. . ' : 

HPLC Detectoi posuie io agonist 

as used. Fi me, mivlamine rreauiieai. die hps ,.;ee ; . . ■ ; . . 

added to th f 

■i Te . • . ...,.S'a..' : ... : i . ' . , ■. i,K . 

" .' .' ■.. : ' ■ ■ a: . . . ■ ■• a - ■,.!■.. : a ■ ■ ■ : . ■ a . . a : ' . ■ 

Pinguet et al., 2 

performed aecordim; no Alii and ! Anmoa, dammm of Technology 
guidelines. koLmd „» ate- laacipea,,] me'. IP mod eiliiar Wldnd or 
<*4(S252F, which aligns with mouse S248F) and 1 5 ngotl! i 
i mm (ion, ihsns vte- uere aa aoaPaj :a > ox ad Pod lain ii's soldi ion eon 
!a!!is ; a«ane\ i( !. : nee i lld'PP. p , ; sodnan penieaPe .! nan K( 1. 

. ' ' . 

oaaam pi i . . ] ir\ ale P, nan; a, . .as a. a , ■ 'v I ler S PsI laaiore reeon.1 
Hps ! o ins' aaire the A( !■ r ap. •• see- a- , a i i a' expressed receptors, ilia oai 
cytes were voltage clamped at 50 niV with a m KC Tfilled microelec- 
Psaie:e .onlaHiaile superlused with a nominally ( A " iree saline 
containing (aw) 98 NaCl, 1 MgCI 2 , and 1 1 Id'HS, pi 1 7.4, at. 20-23°C; 
and aatP apphed a itii a a , P.!. la In die neasnnvlanifne expernneiPs, 
iiKaaaielaaine, ,|,pa,.p ' | )!n! adore, via rap\. and ior ,'. in in aiPsr ihe 
v.ond \( ii i | ' i ' 1 ' 11 

tized at 100 Hz using a PC equipped with pCLAMP 9.2 software (Molec- 
ular Devices). One-way A s i > eie used to test 
for significant differene sK-i nit , < responses. 

Results 

S248F knock-in mice express the mutant allele 

A targeting construct used to generate the a4 L9S' mouse (La- 
barca et al, 2001 ) was modified to correct the original L9S' mu- 
tation and introduce the S248F mutation at the 6' position in the 
putative M2 region of the a4-nAChR subunit gene. The targeting 
vector contained the exon 5 portion of the a4-nAChR subunit 
carrying the S248F (TCG— »TTT) mutation. The linearized con- 
struct (Fig. 1 A) was electroporated into the W9.5 ES cell line, and 
recombinant clones were identified by Southern blotting (Fig. 
1 jB, lanes 3 and 4). High-percentage agouti coat color germline- 
transmitting chimeric mice were mated with GDI background 
adenovirus Ella/Cre homozygous transgenic mice (Lakso et al., 
1996) to splice out the neomycin phosphotransferase selection 
cassette, thereby ensuring full expression of the mutated allele in 
heterozygous mice (Fig. 1C). This breeding strategy ensured that 
heterozygous and agouti WT control mice had an identical ge- 
netic background (i.e., 50% 129/Sv and 50% CD1, and both had 
a single copy of the Ella/Cre ftPPi 1 • > > 1 1 . 

weight (data not shown), and fei ti >.i rial in both het- 

>f whole-brain - 

derived cDNA amplicons confirmed the presence of the S248F 
mutation at the mRNA level (Fig. I D). 

The S248F knock-in mutation has minor effects on receptor 
binding properties 

Quantitative iis mora a" a a 

gandfor «4^2 ,f -nAChRs (Gerzanich et al, 1995; Davila-Garcia et 
al., 1997)], demonstrated simikit > in most brain 

and heterozygous mice. Homozy- 
gous mice showed higher than WT binding in a few regions: 
fasciculus retroflexus, posterior hypothalamus, and dorsolateral 
geniculate (Fig. 2A). 

In a separate experiment, total [ 12 'I] epibatidine binding (200 
p.M) in membrane preparations from four 
sessed (Fig. 2C). No significant differences were detectt 
genotypes. To further assess nAGhR density, saturation binding 
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of [ L " Tlcpib ciiormed in 

gions of WT, heterozygous, and ho- 
mozygous S248F mice 
[cortex (Fig. 25), hippocampus, and 
striatum (data not shown)], there were 
no differences between genotypes. A 
small decrease was seen in both het- 
erozygous and homozygous mice com- 
pared with wild type in thalamic mem- 
branes (Fig. 25, bottom). 

To isolate different populations of 
nAChR subtypes, cytisine- sensitive and 
cytisine-resistant [ 125 I] epibatidine bind- 
ing were determined in membrane prepa- 
rations from four regions (Fig. 2D,E). 
Cytisine-sensitive sites represent mainly 
the a4/32*-nAChRs, whereas cytisine- 
resistant subtypes include a mixed popula- 
tion of nAChRs containing a3, a6, 02, 03, 
and 04 subunits (Whiteaker et al, 2000b; 
Marks et al., 2006). No significant differ- 
ences were observed between genotypes 
for either cytisine-sensitive or cytisine- 
resistant [ 125 I] epibatidine binding. Over- 
all, the binding data indicate that the 
S248F mutation confers little change in re- 
ceptor numbers in most regions, although 
there are rather small increases or de- 
creases in a few regions. 



. X ~* ^ X 




, s 



S248F knock-in mice display altered 
synaptosomal nAChRs function 

The function of nAChRs was assessed in synaptosomal prepara- 
ed [ 3 H ] DA release from 
ii" damn <\n 

aptosomes (Fig. 35), and [ 3 H]GABA release from hippocampal 
synaptosomes (Fig. 3C) were measured from WT, heterozygous, 
and homozygous mu se is mediated by two 

classes of nAChRs (Sab i t those resistant to inhi- 

bition by aCtxMII (Fig. 3A, top), which are £*4/32*-nAChRs, and 
those si'iisilive lo n-< MMM inhihilion Mag. 5/\, hoLLon, 1 , which 
are «a\}>2a nAChR snblypes. Hie results show that dopannne 

iheS2-1,Si2 ioii, whereas release a leara ed in ihen-GxaM!!- 

sensitive subh ; 
mediated by two popui 

ai'l'inily ibnn, both Haaa.aa a. be a4/:S2" subivpes ■; Marks et al, 
2007) . In addition, [ 3 H I * - 
<(4/-J2 < -nAChRs (Whiteaker et aa, 2000a a 

:• i i " . : ■ . i • i ? . ■ ■ ■ I ; i i a i an a i i ; ■ . . , . t u 1 1 a i a i 
mediiileu in . > -i ; " - no. bao2. s , including n-CtvMLl-resistant 
dopamine release, high- and low-affinity 86 Rb T efflux, and 
[ 3 H]GABA i c L - - \t 'ow agonist concentra- 

tion slv i - icarlv normal nAChR 

function, and . < oncentrations, the S248F mice 

have decreased responses. Figure 3, E and F, present dose- 
response p.na; ed for those measures mediated 
by the a402* sub types of nAChRs functions. Figure 35 shows 
that the S248F mutatio e i .ignificantly decreased 
< . ^ _ - i results in a signifi- 
cantly higher-affinity nAChR as seen in the shifts in EC 50 val- 
ues for ACh (Fig. 3F) for both the heterozygous and homozy- 



Figure 1. Generation of S248F ADNFLE mouse. A Gene-targeting strategy. The targeting construct contained exon 5 of the 
mouse a4-nAChRsubunit gene with the S248F mutation and a LoxP-flanked neomycin phosphotransferase cassette located 1 63 
bp downstream of this exon. Homologous recombination results in the insertion of a novel froRI site. A flanking probe comple- 
mentary to DNA downstream of a 8o/nHI site was used toconfirm correcttargeting of a go/nHI-FcoRI genomic digest where a WT 
allele generatesa9.7 kb8flmHI-8ffmHlband,whereasatargeted allele gives a7.7kbfiffmHI-£roRI band. DTA, Diphtheria toxin-A 
chain. B, Random insert ES cell clones contained only the WT 9.7 kb fragments (lanes 1, 2), whereas the correctly targeted ES clones 
contained the WT 9.7 kb and the targeted 7.7 kb bands (lanes 3, 4). C High-percentage chimeras containing the S248F mutation 
with a LoxP-flanked neomycin gene were mated with homozygous adenovirus Ella/Cre recombinase mice to splice out the 
neomycin cassette and allow full expression of the targeted a4-nAChR allele. D, The presence of the mutation was confirmed by 
sequencing analysis of amplicons synthesized from total brain cDNA. WT mice showed the original serine codon (TCG), whereas 
heterozygous and homozygous mice displayed the introduced phenylalanine codon (TTT) in a gene dose-dependent manner. The 
result of sequencing of WT, homozygous (HT), and homozygous (HM) brain-derived amplicons. 



gous S248F knock-in mice. The function of the aCtxMII- 
sensitive subtypes, assessed both by maximal activity and by 
EC 50 value, are unchanged by this mutation . The loss of func- 
tion seen with high agonist concentrations is similar to what 
has been reported previously (Kuryatov et al, 1997, 2005) and 
was postulated to resul 'c m stoichiometry of 

subunit assembly (Kuryatov et al, 2005). 

S248F knock-in mice do not have spontaneous seizures 

In an initial set of experiments, EEG recordings with video mon- 
itoring of mutant mice [heterozygous (n = 8) and homozygous 
ndertaken over a 12-16 h 
overnight period and for periods of 4-6 h during the daylight 
hours were novum 1. in y . aen.ea aaae dKpiayetl no he 

havior suggestive of spontaneous seizures and no electrographic 
abnormalities (data not shown). The same EEG paradigm has 
been shown to detect behavior and electrographic signs of PTZ- 
induced seizures (McColl et al, 2003) and spontaneous seizures 
a; anoihn ; mill a m i .antoi a 
S248F mice were performed on mice of h liferent ' neti 
backgrounds including the CD l/129Sv(n = 5 heterozygous, n = 
5 homozygous, and n = 3 WT littermates) and CDl/129Sv back- 
crossed four generations (N4) into the C57BL/6 strain (called 
BL6 N4; n = 3 heterozygous). In a second set of experiments, 
epidural electroencephalograms (using the sect 
cording paradigm described above) with vi> 
recorded for 10 h during daylight hours from a total of 1 1 mice 
backcrossed 10 generations on a C57BL/6 genetic background 
(BL6 N10; two WT and eight heterozygous mice and one ho- 
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Figure 2. [ 125 l]Epibatidine binding in S248F knock-in mice 
diography of [ 125 l]epibatidine binding to mouse brain. WT (/? = 10), heterozygous {HT; 
n = 9), and homozygous (HM;n = 9)mice were assessed, and binding data were plotted 
as percentage of wild type (mean ± SEM) for comparative purposes. *p < 0.05 vs WT 
mice; *p < 0.05 vs heterozygous mice. B, [ 125 l]Epibatidine saturation binding to mem- 
branes. Binding data (means ± SEM) are shown (n = 4 for each genotype) using cortex 
and thalamus membranes and eight concentrations of [ 125 l]epibatidine (4-350 pis). Data 
shown are specific binding (total binding minus nonspecific binding determined by the 
addition of 1 00 jam cytisine). Hippocampus and striatum membrane binding had patterns 
similar to cortex (data not shown). Binding was reduced in the thalamus of HT and HM 
S248F mice. *p < 0.05, significant differences from wild type. C, Total specific binding of 
[ 125 l]epibatidine to membranes prepared from four brain regions. Each bar represents 
specific binding (mean ± SEM) from five mice of each genotype, using 200 piu [ 125 l]epi- 
batidine. No significant differences were 

resistant [ 125 l]epibatidine binding. Total specific binding (shown in O as well as binding 
in the presence of cytisine (50 and 150 niw) were measured, and the data were fitted to a 
two-site model to determine the amounts of binding sensitive and resistant to cytisine 
(Whiteaker et a!„ 2000b). EPI, [ 125 l]Epibatidine; CPu, caudate putamen; CTX, cortex; fr, 
fasciculus retroflexus; MHb. medial habenular; PH, posterior hypothalamus; TH, thalamus; 
Tu, tubercle; SNc, substantia nigra pars compacta; DLG, dorsolateral geniculus; 
VTA, ventral tegmental area; IPn, interpeduncular nucleus; SC, superior colliculus; ST, 
striatum. 



um .•«« j n J- slow wave seizures 

x- : ; ■ ' 

ital of 22 S248F knock- in mice were moni- 
tored with epidural electrodes, and no epileptiform spike-and- 
wave events were detected. Spontaneous behavioral seizures were 
never seen in this cohort or in a separate cohort of 40 heterozy- 
gous and 21 homozygous mice on a BL6 NIO background 
routine laboratory handling. Furthermore, 
us i no tor seizures were never observed during the day- 




Figure 3. Synaptosomal function in S248F knock-in mice. A, [ 3 H]DA release from striatal 
synaptosomes. Release was stimulated by a 20 s exposure to the indicated concentrations of 
ACh. Data shown are mean ± SEM for five mice of each genotype. In the top graph, synapto- 
somes were exposed to aCtxMII (50 «,) for 5 min before ACh exposure to determine release 
mediated by nAChR subtypes resistant to that treatment. In the bottom graph, the amount of 
release resistant to aCtxMII was subtracted from release by ACh without exposure to aCtxMII. 
This difference represents release mediated by nAChR subtypes sensitive to aCtxMII. Release is 
in units (counts per minute normalized to baseline counts per minute). B, 86 Rb ~ efflux from 
thalamic synaptosomes. Efflux of 86 Rb + was stimulated by a 5 s exposure to ACh. Data shown 
are means ± SEMforfive mice of each genot) :he 
same pattern (data not shown). C, [ 3 H]GABA release from hippocampal synaptosomes. 
[ 3 H]GABA was stimulated by a 16 s exposure to the indicated concentrations of ACh. Data 
shown are means ± SEM for five mice of each genotype. Release from cortical synaptosomes 
showed the same pattern (data not shown). D, Comparison of neurotransmitter release stimu- 
lated by 20 rm K . Data shown are means ± SEM for five mice of each genotype. I, Compar- 
ison of maximal effect of ACh for various measures of synaptosomal function. Data were corn- 
pa red by one-way ANOVA with Duncan'sposf toftest. Significant differences from wild typeare 
shown (*p < 0.05) . F, Comparison of EC 50 values for ACh for various assays of synaptosomal 
function. Data were compared by one-way ANOVA with Duncan's post hoc test. Significant 
differences from wild type are shown (*p < 0.05). HT, Heterozygous; HM, homozygous; TH, 
thalamus; HP, hippocampus; ST, striatum. 



to-day handling of 160 homozygous and >TOOO heterozygous 
mice observed over a 2 year period by staff trained in the recog- 
nition of mouse seizures. In conclusion, S248F mutant mice do 
not appear to have behavioral or elect rographic spontaneous 
seizures. 
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S248F knock-in mice display the novel 

■ . a a • - 

When we injected heterozygous mice ol 
the CDl/129Sv background with 2 mg/kg 
nicotine, we noted three distinct stereo- 

. ■ a 
DAC (see S248F DAC1 video, available al 



£d s 



cadic behavior, involves aroused, jerky, 
exploration-like darting of the head in 
random directions accompanied by 
whole-body movements in the same di- 
rection. This continues for 9 ± I s 
(mean ± SEM; n = 24) and is then fol- 
lowed by the second stereotypical phase, 
termed the forelimb dystonia phase. In 
this phase, the trunk is extended forward, 

i ■ tjit supported posture is 

lost, and the animal becomes prone (Fig. 4A). In extreme cases, 
extended and supinated forelimbs cross the midline in a dystonic 
posture ( Fig. -1 H). The arms smpmaie and forelimbs Ilex ai ilk- 
elbows, wrists, and digits, so that eventually the paws clasp to- 
gether below the chin (Fig. 45). Although the second phase oc- 
i i 1 i limb cro tal i isping 

is more common and prominent in female mice. In the third 
component of the DAC, the tail occupies the Straub configura- 
tion, bent 1 80° from its natural position (Fig. 4 A). The Straub tail 
begins simultaneously with trunk extension and forelimb dysto- 
nia. Occasionally, prominent flexion- extension head and body 
jerking is seen as the tail collapses. The three phases of the DAC 
last 36 ± 3s (mean ± SEM), at which normal upright posture and 



B 



natural exploratory behavior i 
served during the DAC. This cai 
S248F DAC2 video (available 
mental material) in which the n 
and not fall off the pla tform des 
the edge and a hand-clap noise s 
show digi tal spreadii, ' 
tonic posturing. Pie • 



■established, i 
iatedby 



' Pit • - postuu i<; 

with digital spi 

A system o! si oring 1 he Slraam ia .'I , ad ; area ma dystonia com- 
ponents of the IMC was developed to ijuantilV the magnitude of 
the DAC response Mice \ i ' >m 0 to 4 for Straub tail 

the horizontal plane (0 1, a rigid tail 

between 0 and -15"-; .2, tail raised I -eiween -'5 and 9(b; 3, tail raised 
beivveen 90 and I a"'; - . i -a m'sed beyond ! 35'' : and from 0 to 3 
(or I he degree oi'di ys-bme ,:e. -.mma da, no dystonia observed; L, 

. a : . : . s : . ■. : . ; : : a . . . : a S S ■ a a a - 

irec- 

(!o). awa> ('on! the , , i ossing or folding of 

a • -a:,;) : mnl 

The DAC is a centrally mediated phenotype modified by 
gender, genetic background, and S248F expression levels 

The D \L scoi a -e response of 

23 females on the 

129/CDi background) that received injections of 2 mg/kg nico- 
ent of female heterozy- 
oii ..... i I a red a 1 1 : h una men M a . . a ■ 

re of >3, and forelimb dysto- 
with only 75% of heterozygous males (z test, p = 



Figure 4. DAC./I, A heterozygous mutant mouse on a CD1/129Sv genetic background that received an injection of 2 mg/kg 
nicotine displays the 180° Straub tail (black arrow). B, An example of marked forelimb dystonia, part of the DAC, in a S248F 
knock-in mouse that received an injection of 2 mg/kg nicotine shows midline crossing of the forelimbs culminating in the clasping 
of digits (black arrow). C, A WT mouse that received an injection of 2 mg/kg nicotine displays no behaviors attributable to the DAC. 
An incomplete Straubtail, as exemplified by this mouse, is rarely beyond 90° to the horizontal plane, and the mouse shows normal 
upright forelimb posturing. 



Oataa ■_ Companm v is i maf.-., kanaie heterozygous mice 
achieved significantly h>J 1 I "males, 3.7 ± 
0.1; males, 3.0 ± 0.2; Mann-Whitney rank sum test, p = 0.004) 
and forelimb dystonia (females, 2.2 ± 0.1; males, 1.5 ± 0.1; 
Mann-Whitney rank sum test,]? = 0.002). Saccadic behavior and 
forelimb dystonia was never seen in WT CD l/129Sv background 
mice (n = 23 females and n = 24 males), bu t WT mice did display 
a low-grade Straub tail. A Straub tail was seen in 96% of WT 
females compared with only 64% of males (z test, p = 0.019). 
Female WT mice scored significantly higher than males for 
Straub tail (Mann-Whitney rank sum test, p < 0.001). Overall, 
the WT Straub tail response was less than for the Straub tail 
scored as part of the DAC response in heterozygous mice (average 
score: male WT mice, 0.8 ± 0. 1 vs male heterozygous mice, 3.0 ± 
1.8; p < 0.001; female WT mice, 1.6 ± 1.2 vs female heterozygous 
mice, 3.7 ±0.1; Mann-Whitney rank sum test, p < 0.001). 
Hence, a Straub tail score of >3 was considered the threshold for 
defining a DAC-like Straub tail. The same experiment was under- 
taken in heterozygous mice on a (BL6 Nl) background (n = 36 
males and n = 36 females) given injections of 2 mg/kg nicotine 
intraperitoneally. Ninety-four percent of female heterozygous 
mice displayed all three component behaviors of the DAC 
i saccadic heac . i.-a atamd tail of "a, am! iorehmf) dystonia) 
compared with only 89% of he terozygous m ales. Fem ale he t- 
erozygous mice achieved significantly higher scores for fore- 
limb dystonia (females, 2.5 ±0.1; males, 1.5 ± 0.1; Mann- 
Whitney rank sum test,]? < 0.01) on this background although 
there was no difference observed in scores for Straub tail in 
I his background. These data suggest ! hat the DAC has a greater 
penetrance in females. For this reason, experiments under- 
taken to investigate the DAC were mostly undertaken on fe- 
mes fl ! a s 

(mean ± SEM), raising the possibility that it y 
activation of peripheral rather than central nACliR receptors. 
The DAC could be reproduced by direct intracerebroventricular 
injection of nicotine (17.5 /tig; n = 8). Moreover, the DAC was 
completely abolished by previou mentricular (25 

nmolaniouse in 5 /ah a ' 

ml; n = 2), administration of chlorisondamine, a nicotinic recep- 
tor antagonist that does not readily cross the blood- 
Clarke, 1984). 

Although the DAC was consistently observed in mice with 
various genetic backgrounds including CDl/129Sv and BL6 
Nl, the phenotype was subtly modified in BL6 Nl mice and 
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Table 1. Nicotine-induced seizure dose responses 
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Background 


Genotype 


Nicotine Score 0 


Score 1 


Score 2 


Score 3 


Score 4 


+ 4 


CD1/129Sv 


WT 


2 83.33(25) 


13.33 (4) 


3.33(1) 


0.00(0) 


0.00 (0) 


0(0) 






6 3.33 (1) 


16.67(5) 


33.33 (10) 


43.33 (13) 


3.33 (1) 








8 0.00 (0) 


3.33 (1) 


13.33 (4) 


50.00(15) 


33.33 (10) 






Heterozygous 


2 96.67(29) 


0.00 (0) 


3.33 (1) 


0.00 (0) 


0.00 (0) 


0(0) 






6 16.67 (5) 


3.33 (1) 


33.33 (10) 


40.00(12) 


6.67 (2) 


; ! 






8 3.33 (1) 


6.67(2) 


30.00(9) 


46.6/: - 4 ; 


13.33 (4) 


60(18) 


BL6N1 


WT 


2 83.33(25) 


16.67(5) 


0.00(0) 


0.00(0) 


0.00(0) 


0 (0) 






6 0.00 (0) 


6.67 (2) 


33.33 (10) 


40.00(12) 


20.00(6) 


60 (18) 






8 6.67 (2) 


6.67 (2) 


13.33 (4) 


20.00 (6) 


53.33 (16) 


/:?!??! 




Heterozygous 


2 96.67 (29) 


3.33 (1) 


0.00 (0) 


0.00 (0) 


0.00 (0) 


0(0) 






6 20.00 (6) 


13.33 (4) 


23.33 (7) 


16,67(5) 


26.67(8) 


43(13) 






8 10.00(3) 


0.00(0) 


16.67 (5) 


30.00 (9) 


43.33 (13) 


73 (22) 


BL6K5 


WT 


2 53.33(16) 


40.00(12) 


0.00(0) 


6.67 (2) 


0.00(0) 


6(20) 






6 0.00(0) 


0.00(0) 


0.00(0) 


46.67(14) 


53.33 (16) 


100(30) 






8 0.00(0) 


0.00(0) 


0.00(0) 


36.67(11) 


63.33 (19) 


100(30) 




Heterozygous 


2 66.67(20) 


26.67(8) 


3.33(1) 


3.33 (1) 


0.00 (0) 


3(1) 






6 10.00(3) 


13.33 (4) 


0.00 (0) 


56.67(17) 


20.00 (6) 


76(23) 






8 0.00 (0) 


0.00 (0) 


0.00 (0) 


53.33 (16) 


46.67 (14) 


100 (30) 


129SvJ/C57/B6 


WT 


2 93.33(28) 


6.67 (2) 


0.00(0) 


0.00(0) 


0.00 (0) 


0(0) 






6 20.00(6) 


40.00(12) 


10.00(3) 


23.33 (7) 


6.67(2) 


30(9) 






8 6.67 (2) 


16.67(5) 


3.33 (1) 


40.00(12) 


33.33 (10) 


73 (22) 




Homozygous 


2 96.67(29) 


3.33(1) 


0.00(0) 


0.00 (0) 


0.00 (0) 


0 (0) 






6 23.33 (7) 




16.6/(5) 


33.33 (10) 


20.00 (6) 


53 (16) 






8 13.33 (4) 




3.33(1) 


40,00(12) 


43.33 (13) 


83 (25) 


each mouse. The i 


dose-response relationship was determined for WT and heterozygous micein seve 
urts (score 4). Thirty mice were use 
iata represent the percentage of mice obtaining a specific score and the number o 


f 30 (in parentheses) for eai 


s were scored for body tremors (score 1 ), wi 
:ested for each genotype and genetic background. The highest score achieved 
:h test condition. The seizure score was analyzed using ordinal logistic regress 


Id running (score 
ion as described. 



After testing for interactions, a main-effects model was fitted. This showed that the main or average effect of genotype was high I kip had a worse seizure profile than heterozygous 

mice In all genetlcbackgrounds.The effect of nicotine dose was also statistically significant, with higrierdoses leadingto worseoutcomes (p < 0.001). There was also a statistically significant difference of background overall 
(/) < 0.001), with CD1/129SV being the least affected and C57B6 N5 being the most severely affected. In contrast, there was no significant difference between the nicotine seizure profile of homozygous a4 knock-out and 



substantially modified in mutant mice backcrossed five gen- 
erations into the C57BL/6 background (BL6 N5). BL6N1 mice 
typically continued to roam after onset of the DAC. In BL6 N5 
background heterozygous mutant mice, the Straub tail was 
still presen t to the same degree, bu t the forelimbs were rarely 
totally out-stretched, supinated, or crossed with associated 
digital clasping; niiher, mi a: repcaUdkv dr.oped their fore- 
Snubs under I heir body and across [he midline a-; they walked. 
In the BL6 N5 background, saccadic behavior was markedly 
reduced I percenlageofntu e dispiadng saccadic behavior a Tier 
2 mg/kg nicott, CD 1/ 1 29 7' i = 30); BL6 Nl, 100% 
(n = 30); BL6 N5, 33% (/; = 30); BL6 N5 mice are significantly 
different from other groups; Kmskal-W albs lesi followed In 
post 1 Tul c } ii s i ed forward in 

jerk like sieps, and ierekwe .iwdonia was subtle and manif/si 
as forelimb supination 

■ . : . ^ ■ ; " ■ : : a . ' ■ ■ 

lation. The accentuated - , 

this genetic background. \ : nig .kg cuwe of nicotine 
induced body tremors in the BL6 N5 mice, although this also 
occurred in ru- 
inated DAC in heterozygous BL6 N5 mice (loss of saccadic 
behavior and modification of dystonia) seemed to result from 
response competition related to locomotor hyperactivity and 

Neomycin cassette intact CDl/129Sv background het- 

■ > , a liable for testing. These mice 

between neomycin intact pure 
kground heterozygous knock-in mice and homozy- 
go ~ «/Cie mice in which recombination failed 

entirely [a phenomenon seen previously with this line of Cre 



activator mice (Drago et al., 1998)]. In this experiment, mice 
were tested only once. Twenty-eight of 29 mice examined dis- 
played saccadic behavior and/or Straub tail but not forelimb 
dystonia when given 2 mg/kg nicotine. One of 29 mice dis- 
played forelimb dystonia with this dose of nico tine. This com - 
pares with 18 of 30 neomycin cassette-deleted CDl/129Sv 
mice that displayed forelimb dystonia in this study (z test, p < 
O.OOl). At higher doses of nicotine, the forelimb dystonia re- 
appeared (6 mg/kg, 12 of 29 mice; 8 mg/kg 11 of 30 mice), 
although Ihe degree of dystonia 

score at 8 mg/kg nicotine: CDl/129Sv, 2.2 ± 0.2; neomycin 
intact CDl/129Sv, 0.7 ± 0.2; Mann-Whitney rank sum test, 
p < O.OOl ). The observation that gene expression is reduced by 
die presence of i he neonn en . ■ . ... ■ ■ .odds dene lot: us (fond; 
et ak, 2003 : suggests :.d . : ■■ .. odwiirTal coinponeni of 
and that the complete pheno type 
requires full expression of at leas t one mu tan t allele. 

The DAC was not seen in WT mice of several genetic back- 
grounds (CDl/129Sv, BL6 Nl, 129SvJ/C57BL/6, BL6 N5) at a 
range of nicotine doses (2, 4, and 8 mg/kg; n = 120 for each 
nicotine dose amounting to a total of 360 WT n 
Other than in the BL6 N5 background, locomotor activity was 
reduced in WT mice given low doses of 

mice remained upright but were immobile and sat in a resting 
position (Fig. AC). The tail elevatic i WT mice rarely 

exceeded 90° above the horizontal plane (Fig. 4C), and the onset 
was 104 ± 12.8 s (me; ection. 
This incomplete Straub tail in WT mice was usually observed 
with convulsive doses of nicotine (6-10 mg/kg) and i 
followed by a tonic- clonic seizure. 
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Figure 5. Electroencephalograms. A, Traces from epidural electroencephalograms during 
nicotine-induced DACdo notdifferfrom normal background electroencephalograms. /I/shows 
a trace from a male WT mouse (CD1/129Sv genetic background) 21 weeks of age before and 
after 2 mg/kg nicotine injection. The open arrowhead indicates the 29 s time point after nicotine 
injection. Aii shows a trace from a male heterozygous (HT) mouse (CD1/129Sv genetic back- 
ground) 21 weeks of age before and after 2 mg/kg nicotine injection. The onset of the DAC (at 
29 s after nicotine injection) is indicated by the arrowhead above the trace, and the offset of the 
DAC is indicated by the arrowhead below the trace. 8, Electroencephalograms during nicotine- 
induced tonic-clonic seizures display large paroxysmal discharges with an ictal spike/wave 
configuration. The trace shows an electroencephalogram from a heterozygous female CD1/ 
129Sv genetic background mouse 21 weeks of age that received an injection of nicotine. The 
paroxysmal spiking activity starts 120 s after injection of 10 mg/kg nicotine, C 0. Recordings 
from the VO (fir, Di) and epidural electroencephalograms (C/f, Off) from a female CD1/129Sv 
genetic background heterozygous mouse 12 weeks of age after injection of nicotine (2 mg/kg) 
and PTZ (70 mg/kg). In C/and Cii, the onset of the DAC is indicated by the arrowhead above the 
trace, and the offset of the DAC is indicated by the arrowhead below the trace. The period of 
animal handling and nicotine injection is indicated by the horizontal barabove the beginning of 
the trace (0, and the period of animal handling and injection of PTZ is indicated by the horizon- 
tal bar (0), In this experiment, PTZ was injected 30 min after nicotine injection, f, An expanded 
section of the recording in D marked by the asterisk. After nicotine injection, no activity was 
evident in either the VO electrode or the epidural EEG electrodes during the DAC. In contrast, 
after PTZ injection, spikes were evident on both the VO and epidural traces associated with 
myoclonic activity. 

The DAC is not associated with epileptiform changes on 
epidural or depth-electrode electroencephalogram or with 
changes in hippocampal c-/os- regulated gene expression 

•J in mice with a CDT/ 

129Sv and BL6 N4 gen-- - during the DAC were 

normal (Fig. 5A), in contrast to tonic-clonic seizure events at 
high nicotine u *nt paroxysmal ictal ac- 

:tii ins of convulsive doses 
- ed, in sequence, the DAC associ- 

ated with a normal electroencephalogram followed by a clonic 
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spike- and-wave activity. The early onset low-dose nicotine- 
induced behavioral seizures previously reported in adult L9'A 
mice (Fonck et al., 2005) were described in both heterozygous 
and homozygous mice. They were always preceded by a Straub 
tail, followed by loss of the righting response and ending with 
forelimb clonus. These behavioral seizures were not associated 
with spike-and-wa* e 
(Fonck et al. 

behavioral sei- 
zure-, as described ainwe am; laic ousel elastic Ionic clonic sei 
cure:.- Ouh ihe idler v. ere ,b«:,i!i'.; -.villi epileptiform laid, 
changes, there are iiKaziore wear uaiaaicis between wh;M has 
been 

negative DAC described in our study. 

In additional exp and epidural 

long lenn i.U , record m a wd h > ideo mow i ! ori ng was undertaken 
on eight female CDl/i29Sv background adult heterozygous 
SJ IKr mice after injection of nicotine (2 npg/kg, i.p.) or I'T/ 
(50-70 mg/kg, s.c). No spontaneous electrographic seizures 
uere observed during a ntinintiiiii of 10 h of cu inula! ive baseline 
■ 1 1 lections in any 
ol the eight b . r co tine, a typ- 

ical DAC was obsei-ved in all mice. During these events, no ab- 
normal EEG events or changes in neuronal activity in the VO 
were observed (Fig. 5C). These experiments were then termi- 
nated by a positive control manipulation, injection of a convul- 
sive dose of PTZ (Fig. 5D, E). PTZ typically elicited brief myo- 
clonic jerks, progressing to clonic seizures, and a hindlimb 
extension tonic maximal seizure. There was a corresponding in- 
crease in neuronal activity in the depth- electrode and polyspikes 
in the surface EEG recordings during PTZ-induced myoclonic 
jerks and clonic seizure (Fig. 5D,£). 

Mutant S248F knock-in mice on a BL6 N10 genetic back- 
ground were also examined using a standard epidural recording 
paradigm (the second epidural paradigm described in Materials 
and Methods). Two WT, one homozygous, and six heterozygous 
mice (all on a BL6 N10 genetic background) were given injections 
of 2 mg/kg nicotine and monitored by simultaneous video and 
EEG recording. All knock-in S248F BL6 N10 mice had a modified 
DAC as seen typically in this genetic background characterized by 
side-to-side head movements, jerky ambulation and paroxysmal 
forelimb extension/supination, and a Straub tail response. Epi- 
leptiform activity was not observed during EEG monitoring of 
the DAC. 

In summary, we monitored a total of 30 S248F knock- in mice 
for at least 10 h each and did not detect electrographic seizures. 
1 'weim --eight of these were also a a,,, . hen, of nicotine, and 
all showed in;- : e w , a ■• .ao. a, . a : a a ...d : . ewaw; 
changes on the electroencephalogram. All nicotine injections 
were undertaken between 9:00 A.M. and 6:00 P.M. 

To determine the parts of the brain activated during the DAC, 
the S248F mutants were bred with c-fos promoter- driven Tau- 
t-it cZ reporter mice (Wilson et al, 2002). Mice were given injec- 
- . " - _ kg) or of a con- 

vulsive dose of nicotine (6 mg/kg). A total of 33 mice were used 
for this study. Background brain LacZ k 

examining six saline-injected heterozygous S248F/FTL mice and 
six saline-injected FTL single transgenic mice. Four mice het- 
erozygous for both the S248F mutation aiu 
and six FTL single transgenic mice were given iniec ' 1 

mg/kg nicotine. Six mice heterozygous for both the S248F muta- 
tion and the FTL transgene and five FTL single positive 1 1 li ce were 
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Figure 6. c-fos-regulated gene expression in the hippocampus of phenotypic WT and FTL/S248F double-transgenic mice 
treated with nicotine./!, An FTLtransgenic mouse that received an injection of 2 mg/kg nicotine shows no prominent LacZ staining 
in the hippocampus. An identical picture is seen in FTL/S248F double-transgenic mice that received an injection of saline (not 
shown). B, C, A FTL/S248F double-transgenic mutant mouse displaying the DAC with 2 mg/kg nicotine shows no LacZ staining in 
the hippocampus (fi), whereas both FTL-positive WT (shown) and FTL/S248F double-transgenic (not shown) mice show promi- 
nent LacZ staining in the dendate gyrus of the hippocampus after sustaining a tonic- clonic seizure at a nicotine dose of 6 mg/kg 
(0. Scale bars, 250 /Am. 



given injections of 6 mg/kg nicotine. As expected, LacZ staining 
was prominent in the hippocampal dentate gyrus in all mice dis- 
placing ionic clonic seizures after adminisl ral ion of (< mg/ku 
nicotine (three of six heterozygous S248F mice and one in five 
Ml., single transgenic mice), iruin.ai ing si rone, eel ivalion in this 
region (Fig. 6C). LacZ staining in the hippocampus (Fig. 6/4,5) 
and other brain regions (data not shown) was at background 
levels (i.e., the same as saline-injected mice) in FTL single trans- 
genic mice, in all S248F/FTL double transgenic mice displaying 
only the DAC in response to low-dose nicotine challenge, and in 
all FTL single and S248F/FTL double-transgenic mice that dis- 
played no clonic seizure or tremors after administration of high- 
dose nicotine. Increased hippocampal dentate gyrus c-fos- 
regulated gene expression was also sometimes seen after body 
tremors alone (two of six S248F heterozygous mice given injec- 
tions of 6 mg/kg nicotine). In summary, a total of five heterozy- 
gous mice had a DAC alone (four after 2 mg/kg and one in re- 
sponse to a 6 mg/kg injection), and yet no change in LacZ 
expression was detected in the dentate gyrus or elsewhere in the 
hippocampus. 

The cohort of mice used in the s tudy showed significan t back- 
ground cortical Lac/ aclivily. Hier/orc, unlike the situation in 
the hippocampus, it was not possible to exclude DAC- associated 
activation of the neocortex in this experiment. There was no 
increased signal - to- noise ratio in !he nasal ganglia in mice that 
displayed the DAC. 



Heterozygous S248F knock-in mice are relatively protected 
from nicotine-induced seizures 

A nicotine severe these res, muse relationship was determine 
for WT and 
(CDl/129Sv,BL6N 



mr|>; 



iinal logistic 
CDl/129Sv, 



S ! ■ ' . ' : ' ■ . . : . i C i . C . 

. ' C C C • ' . .. ' : . . ■ , e .\ . ' 

: '■: ' ' : . sa ; S 

i ■■ ■ . : a 

at hvaheu 

phenomena. T e was analyzed 

regi ssion (McCullagh, 1980), with back 
BL6 Ni, and BL6 N5), genotype (wild type/heterozygous S248F 
knock-in), and nig/ kg) as three explan- 

atory variables that the outcome vari- 

able, sei -ure sc< na ture. This analysis showed sta- 

tistically signifi: ach of these three variables. The 

ying genotype difference 
across genetic backgrounds and nicotine doses. The interaction 
between background and genotype was not statistically signifi- 



ickground, 
: rapid-onset 



There was A<> a 

difference of background overall (p < 
0.001). CDl/129Sv was the least affected, 
Bin N i \s nacre m-, ere, and Rl,(> No was 
iiie most severely ahhected The pairwise 
■aiiiereii- e ■ uae; ; ee following /> values: 
CD 1/ 1 29Sv versus BL6 N 1 , p = 0.04; CD 1 / 1 29Sv vei u BL6N5 
p < 0.001; BL6 N I versus BL6 N5,p < 0.001. 
The latency to seizin * a the pi 

lichen h nicotine dose and get 

with mice of the BL6 N5 background having n 
seizures than CDI/129S as well as more severe 

seizures. At 6 mg/kg, latency for BL6 N5 mice was 92 ± 2.7 s and 
CD l/129Sv had a latency of 128 ± 5. 1 s, and at 8 mg/kg, BL6 N5 
had a latency of 84 ± 2.1 sand CDl/129Svhadalatencyof 106 ± 
3.5 s (p < 0.001). Heterozygous S248F mice of all genetic back- 
grounds examined displayed the DAC when given injections of 
nicotine (2, 6, or 8 mg/kg). The DAC occurred before seizure 

mg/kg) were used. 

The DAC is not the result of complete loss of function of the 
«4-nAChR and is mecamylamine resistant 

Ninety «4-nAChR knock-out (a4-/-) mice (Ross et al., 2000) 
(45 males and 45 females) and the same number of littermate 
control mice on a hybrid 129SvJ/C57BL/6 genetic background 
were given injections of 2, 6, and 8 mg/kg nicotine. The DAC was 
not seen in the aA~l~ mice at any nicotine dose. This is an 
important observation given I he results ol onrsyna pi osotiie assay 
showing mat at nigh agonist closes, the muiani receptor showed 
impaired function. Ordinal logistic regression (McCullagh, 
1980) was also used to analyze the knock-out data (Table 1); here 
there was only one background, so the two explanatory variables 
were genotype and nicotine dose. The effect of nicotine dose was 
statistically stem • i th expected direction (higher doses 
leading to worse outcomes; p < 0.001). 

die genotypes was not am-;,, a-, ,, ; a m/ini t ; /> - 0.li);lhe 
direction of the observed effect was that the homozygous knock- 
out mice did worse than the WT mice. Collectively, these data 
suggest (1) that the DAC is not omplete loss of 

function of the «4 nAChR submit ico tine-induced 

seizures in WT mice are not «4-nAChR subunit mediated, be- 
cause loss of this receptor subunit did not diminish nicotine- 
induced seizures. 

Pretreatment of heterozygous S248F BL6 Nl background mice 
(n = 9) with the nicotm annlamine (0.5 

mg/kg, i.p.) 10 min before administration of 8 mg/kg nicotine did 
not disrupt the DAC in any manner, although it did completely 

inhibit aij aa.a ..a a . . S ; ' ' C a ■ . ■ Sr. i UmiU.;,, .CaCs 

zures, and death associated with clonic seizures w< 

air L SL mil a aduiilll I'ed llicOUl LCI . 

6) had a typical spectrum of seizures seen with this dose of nicotine. 
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Figure 7. Carbamazepine inhibits the dystonic component of the DkC.A-D, The percentage 
of mice that displayed saccadic behavior {A), Straub tail (fl), forelimb dystonia (0, and the 
complete phenotype (0) after intraperitoneal administration of carbamazepine (CBZ) at 0 
mg/kg (black bar), 40 mg/kg (gray bar), or 60 mg/kg (white bar), followed 22 min later with 
either 1or2 mg/kg nicotine intraperitoneally, *p = 0.006, significantly different from Omg/kg 
CBZ at the same nicotine dose. Data are expressed as a percentage of control mice that were 
treated with vehicle, n = 7-9 mice per group. 

Two of the six mice experienced tremors and wild running (maxi- 
mum score of 2) and three of six mice died in the setting of clonic 
seizures (maximum score of 4) (Fisher's exact test, p = 0.002). 

The anticonvulsant sodium channel blocker carbamazepine 
blocks the dystonic component of the DAC 

The anticonvulsant sodium channel blocker carbamazepine is 
effective in the treatment of ADNFLE (Provini et al., 2000). We 
administered s 

mg/kg, i.p.) before chall- • i. me (1-2 mg/kg, i.p.) and 

monitored th- 

ican t effect on ambulation, but at 60 mg/kg, it reduced ambula- 
tory scores to J ! iown). Mutant mice had 
a tiosc dependent ;ii!cm.i.idon m : > in -;- induced toreiunb dys- 
tonia (Fig. 7) (z test, 0 mg/kg vs 60 mg/kg, p = 0.006), but 
nicotine-induced saccadic behavior and Straub tail responses 
wet 

hnmaaepine ((»() im:, La," ..M^IeliK abhaed foreHnib dvstonia 
produced in response to I m* kg nicotine t Ppo 7 s These data 
confirm that the dystonic component of the DAC was reduced by 
a drug that produces 

Although mi< ■ | i edated at 50 mg/kg carbamaz- 
•edationdoes 

no! prevent dec eo;ers.:ence of the i.)7\C ■; data not shown :. 

( I by preinjection of a small dose 

of nicotine 

Although we believe that the S248F mouse represents a good 
model for aspects of ADNFLF, j . is that nico- 

tine injections elicit ADNFLE-like behaviors (i.e., DAC) in S248F 
mice but nicoti c or diminishes events in AD NFLE 

Ksrv " 'j co tin ic receptors, however, one 

must note that >r desensitizes receptors 

depending on the concentration or dose administered. There are 



at least two possible mechanisms. First, at relatively low nicotine 
doses, ADNFLE-like behaviors may be suppresse 
tinic receptors are in 

nicotine doses ni.iv h i. a h as the DAC 

by widespread nicotinic receptor activat ion. To date, two reports 
have shown the therapeutic bench in ADNFLE pa- 

tients: Willoughby et al. (2003) reported an almost complete 
elimination of seizures in an ADNFLE patient after treatment 
with a nicotine patch ■; this therapeutic benefit continues in this 
patient; 7 W dlluuahh) , personal ; onnnuuP .Co,-;. , and I he shidv 
by Brodlkoi 1 > > ant inverse cor- 

relation between tobacco use ai 

both -aud a-.. Mm authors ere. lie thai nicotine acts by desensii iaine, 
onable to postulate that 
chrome mculme exposure dnsiny. u ;v v,,:ione, period mav Send to 
tion through stages 2-4 of sleep at night, 
when most ADNFLE events occur. In addi tion, both behavioral 
acdoiooii men Pile v. ere den so not rated in a knock in mouse si rain 
engineered to express hypersensitive a,A nicotinic receptors 
(L9'A) (Fonck et al., 20< > ■ k d behavioral 

seizures (at 2 mg/kg) or prevented them (at 0.1 mg/kg, 10 min 
before 2 mg/kg). 

We performed similar experiments on heterozygous S248F 
mice (n = 9, three male and six female mice on a CD 1/129 back- 
ground). A dose of nicotine (0. 1 mg/kg) too small to give the full 
DAC was able to block the DAC when mice were given injec tions 
of 2 mg/kg nicotine 10 min later (none of nine mice displayed the 
complete DAC). In conh 1 lection had no effect on 

the DAC in the same cohort of heterozygous mice (eight of nine 
mice displayed the full DAC) (z-test, p < 0.001) tested 1 week 
later. These data are consistent wi th the published clinical s tudies 
that suggest that chronic low-dose nico tine is effective in treating 
ADNFLE by a mechanism of i 

The S248F mutation confers mecamylamine resistance on 
a4/32-containing nAChRs 

Previous studies show that 6' mutations make muscle nA.Ch.Rs 
resistant to channel block by QX-222 (Leonard et al., 1988). 
Mecamylamine is a noncompetitive a4/32-nAChR antagonist 
(Papke et al., 2001) and probably acts as a channel blocker (Gin- 
iatullin et al., 2000). To determine whether the failure of 
mecamylamine to block the DAC phenotype was caused by 
mecamylamine resistance of the mutated S248F receptors, the 
effects of mecamylamine were studied on the ACh response of rat 
a4j32-nAChRs expressed in oocytes. The rat gene a4(S252F) mu- 
tation (which 1 l,i tion at the M2 

nAChRs expressed in o^/o . ;o a v., used an ACh cone'en 
I rat WT and 

a4(S252F)02 EC 50 for ACh (Kuryatov et al, 1997; Figl et al., 
199-S: and a mecani viaivmie concentration (0.5 /xM) near the 
range of IC 50 values previously reported for human n4p2- 
nAChRs (Papke et al., 2001 ). As reported previously (Weiland et 
al., 1996; Kuryatov et al., 1997; Bertrand et al, 1998; Figl et al., 
1998), the a4(S252F) mutation enhanced agonist-induced de- 
sensitization. Successive applications of 2 jxm ACh at 3 min inter- 
vals had no significant effect c nit re- 
duced the peak mutant response - ) ( Fig 
8A). To compensate for this effect, we applied ACh alone to the 
oocytes three times and measured the ratios of the second- and 
third-peak ACh responses to tha t of the firs t 
experiments. We then divided the corresponding respo 
mecamylamine experiments by these ratios. As reported previ- 



• Nicotine-Induced DAC in a Mouse with an ADNFLE Mutation 



• 10139 




Figure 8. The S248F mutant receptors are resistant to 
responses from oocytes expressing rat a4|32 WT receptors or 



mylamine block. A, The cu 



voltage-clamp ACh 



i4(S252F)/32 mutant receptors. The horizontal bars above the 



tracesshowthe timing ofthe2/AM ACh applications,at3min intervals. Three brief ( 1 0 — 30 s) ACh apphcations tothe WT receptors 
produced no significant change in the peak response (top left). In contrast, the same protocol resulted in significant cumulative 
desensrazationofthe peak mutant response (top right). Mecamylamine (0.5 jllm) persistently inhibited the peak WT response but 
produced no further reduction in the mutant response beyond that by produced by AChalone(bottom right). Inthe two lower sets 
of traces, mecamylamine was present throughout the entire middle trace (second ACh application). B, The normalized peak WT 
and mutant responses in 0.5 /am mecamylamine and after a 3 min wash with control saline corrected for cumulative desensitiza- 
tion. After correction, mecamylamine had no significant effect on the mutant response. The asterisks denote a significant differ- 
ence ( p < 0.05) from control. C, Effect of mecamylamine on dopamine release from striatal synaptosomes of WT, heterozygous 
(HT), and homozygous (HM) S248F mice. Synaptosomes were perfused for 5 min with the indicated 
mecamylamine plus aCtxMII (50 niw) and subsequently exposed to ACh (3 /am for 20s) containing the indicated - 
mecamylamine. Data are expressed as percentage of response without mecamylamine. Control responses were as follows: WT 
mice (n = 9), 15.6 zt 1 .0 U; HTmice (n = 5), 10.8 ± 1 .9 U; HM mice (n = 1 1 ), 7.8 ± 1 .6 U. O, Effect of mecamylamineon 86 Rb + 
efflux from thalamic synaptosomes. The indicated concentration of mecamylamine was presentfor 2 min before and also during 
the exposure to ACh (30 /am for 5 s). Data are expressed as percentage of control response without mecamylamine. Control 
responses (n = 5 m ice per grou p) were as follows: WT mice, 20.6 ± 1 .5 U; HT mice, 1 5.0 ± 1 .2 U; HM mice, 4.9 ± 0.9 U. f. Effect 
of mecamylamine on 86 Rb + efflux from cortical synaptosomes. The indicated concentration of mecamylamine was present for 2 
min before and also during the exposure to ACh (30 /am for 5 s). Data are expressed as percentage of control response without 
mecamylamine. Control responses (n = 5 mice per group) were as follows: WT mice, 6.6 ± 0.6 U; HT mice,2.7 ± 0.4 U; HM mice, 



thalamus (Fig. 8D) and cortex (Fig. SE). For 
both regions ■ out WT i nice 

ere i ih m : . . ■ . re. : 

trations of mecamylamine than those from 

elide ihi: \ " , : oil nl 

. i-Sl mi. • i, h 

ior the dopamine ivies. s 'r,<: '"kb ef 

Mux assay-. UMiii; nicotine as agonist (data 
not shown). 

The concentration of mecamylamine 
< hv the 0.3 mg/kg intra- 

|,t.;Vi 

irum elimination time course (or 

.rs'. dmnr; in mouse brain f< iol 
iinsft.il., l l >Jt, ihi'-couceniraliondot'snnl 
block the S248F-nA.ChR in the in vitro ex- 
pen mi i 1 in, the in vitro 
i 1 eh.ivior, such 
as the DAC, F-nAChRs 
would be resistant to this level of the nAChR 
blocker mecamylamine in vivo. 



ADNFLE. The 



ffer et 
ietaL, 



1.9 ± 0.2 U. 



ously (Giniati J t ■ line persistently inhib- 

ited the WT response. However, it produced no reduction in the 
mutant response beyond that produced hv cumulative agonist- 



to 

mecamylamine block. 

i : • ■• . n.s were also investigated 

to d i occurs in heterozygous or 

i assay s shown above to 
>• the S248F mutation. Dopamine release mediated by 
aCKMTT-i tsi,te hmulatedbyACh (3 /xm) wasmea- 

res from WT, heterozygous, and ho- 

min with aC txMII (50 nM) and mecamylamine (O-lOO /xm) before 
. Both the heterozygous 
id ■. ■■: mil . . ■ dstanL i.o ih elieci . ■ .... an amine 

i + efflux properties of the S248F-nAChR 



Discussion 

Acute nicotine administration reveals a 
highly penetran t and robust phenotype in 
S248F knock-in mice not previously de- 
scribed in other modi 
DAC recapitulates tw 
ADNFLE patients. In 
tacks, sleep i 
tion of the head and 
posturing of the upp< 
al., 1995;Zucconietal 
1998; Provini et al, 1999, 2000). The hu- 
man video accompanying this report (Hu- 
man ADNFLE video, available at www. 
jneurosci.org as supplemental material) 
shows an example of an ADNFLE attack. 
The patient wakes from sleep in a startle, 
sits upright, and looks forward. He turns 
his head to [lie left and right anil at tunes shires slraighl alt arid.. 
The patient extends the arms forward in an asymmetrical dys- 
tonia iimh po-aui e a-; 'he Lean tie. nine, nun ettienis ami inne. The 
ittacl it brief, and the patient communicates at the end of the 
attack. DWoi it; and head and luxh 

thrashing are described in de tail in other patients in the literature 
(Scheffer et al., 1995; Bertrand et al, 2005). The stereotypical 
jerky exploratory-like darting that we observed in our S248F mice 
involves head and trunk movements analogous to those in 
ADNFLE attacks. The stereotypical forelimb dystonia is probably 

:■■,■■■;■' i .. ■. " ' 

ADNFLE: both mutant mice and humans display ciystonic 
twisting of the limbs, which may be tonic s ' s is 

L6 N5 

background S248F mice). The attenuation of the dystonic com- 
ponent of the DAC by carbamazepine suggests that the DAC 

c-predominant 

ADNFLE attacks, because this drug effectively reduces the 
frequency of NFLE attar ~ al , »9). In 

accordance with some clinical studies (Willoughby et al, 2003; 
Brodtkorb and Picard, 2006) showing a benefit of chronic low- 
dose nicotine in reducing ADNFLE severity, and the inhibition of 
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nicotine-induced behavioral seizures in 1,9' A mice (Fonck et al., 
'005 >l c to block the DAC by pretreatment with a 

low dose of nicotine (0. 1 mg/kg). The failure to detect an electro- 
graphic correlate for the DAC was consistent with the absence of 
ktal FFG activi 

iurpri ingly, heterozygous mice had less severe nicotine- 
induced seizure 

Indeed, a4— /— mice had a normal nicotine-induced seizure pro- 
file, confirming other reports (Damaj et al., 1999; Dobelis et al., 

2003) that nicotine-induced seizures in WT mice are not medi- 
ated through the «4-nAChR subunit; studies have implicated a3, 
|>1, 2002; Kedmi et al., 

2004) . Finally, mecamylamine achieved complete abrogation of 
nicotine-induced major motor seizures without inhibiting the 
DAC, suggcsbng In,-; baa m.u proa esses m,i\ be meehamsiaaih 
different. Interestingly, this mecamylamine resistance is also 
manifest in the agonist-induced currents for the S248F mutation 
expressed in oocytes, as well as in agonist-induced ion flux and 
transmitter release for synaptosomes from S248F mice. 

A spectrum of severity in ADNFLE mouse models 

Several other ADNFLE-related models have been reported. There 
are Iwo mouse si rains wilh c.Aremc gain of (unci ion mutations 
in a4 at the M2-9' position, which have not been linked to AD- 
NFLE. Although initially no spontaneous seizures were observed 
in the L9' mouse lines (Fonck et al., 2003, 2005), more recently, 
we have identified spontaneous seizures (Fonck and Lester, 2006) 
in a few L9'A. mice. These prolonged tonic-clonic seizures asso- 
ciated with cortical c-fos activation seen only in young mice (age, 
12-29 d) sometimes result in death. Severe motor seizures re- 
stricted to a narrow postnatal time window would be atypical for 
ADNFLE. Adult L9'A mice (Fonck et al., 2005) were reported to 
display low-dose nicotine-induced behavioral seizures not asso- 
ciated with spike- and-wave EEC changes. 

n strains have been 

independently generated and studied: the Chrna4S252F (the 
same mutation as reported here) and the aA +L264 lines (Klaas- 
sen et al., 2006). Both lines have spontaneous seizures of two 
types: brief periods o! !> ' and prolonged hyperki- 

netic molor seizures resent dime, hum >, . a ■•■'!.: -..ouaea seen villi 
convulsive d i et al., 2002). Sponta- 

neous inoior seizures m cur uiiriiinrs];. an bom lines and are as- 
sociated with high voltage spiking activity mi subdural i".l".G re- 
cordings. Despite die baapican.v and severity of motor sei/ures, 
premature deal 

seizures in Ihis mode! ; .cv -ai van reponeci elecirograpmc 
seizures occurring in A ! A: i ; -A, oner at ai., !99v, Haemaii el 
al., 1997; Phillips el ,A. lima, ! roami et a!., 2000; Steubeni et ai., 
2000). It should be noted that although ADNFLE is a disease of 
i t a < i H d ' i 1 c ii a 

noted in the Klaassen lint- 
cycle. 

A 02 subunit V28" ,._ .. , ion) ADNFLE mutant 
mouse strain has also been reported bnetlv ■; Xu et ai... 2006 e The 
few spontaneoi 

.' • a, .. ; . :<j 

The reported ADNFLE-related mice display a spectrum of 
behavioral phe: ae o f motor phenotypes 

previously reported for ADNFLE (Scheffer et al., 1995). The hu- 
man ] lerkinetic activity in the 
ffening in the majority 
(36 of 47) of cases, 23 of which also had superimposed clonic 
jerking. Our BL6 N5 S248F knock- in mice display rhythmic fore- 



posturing resembling the ADN1 
scribed in this clinical study. 

In summary, the most severe sj zures are noted 

in a small pro o'A mice. The 

' . 

maior motor seizures. I nil agneiii aauu anon, as;, mri gamta 
neous seizure-like 1 

whereas our S248F mice - i ■ ,p' . m » , ich 

events. Ail siranis reported to data de-pan modes! to low dose 
nicotine-induced behauors thai Aim;' has ai: a is seen in WT 
mice. Til ipurtajil 1\ , liu-se m, man: nuba ad AANidbi like 
behaviors are [.Li , negatae in the adult [.9'A, in our S248F mice, 
and in the 02 strain (C. Fonck, B. N. Cohen, J. Xu, H. A. Lester, 
ami S. a. Henieinami, aapuea aaad a a .. a I iie behavioral efiecls 
of modest io low iiose nicotine in dte iahaissen a-i si rains were 
described m a seizure smie, dm a ,sea iakal i. :.!..( . tindings were no! 
reported. 

Epilepsy or movement disorder? 

If an epileptic • .ent occurrence of signs 

and/or symptoms because of abnormal excessive or synchronous 
neuronal activity in the brain (Fisher et al, 2005), then there are 
only two possible explanations for failure to identify an electro- 
graphic correlate to the DAC. First, perhaps the EEC paradigms 
used in this study, and in previous studies that identified EEC 
negative behavioral seizures, were not appropriately sensitive or 
were not directed to the correct site in the brain. A. systematic 
unbiased and dense cor tical and dep th-electrode survey through- 
out the entire mouse brain may identify such a discrete focus and 
address this caveat. This view is supported by observations in 
human ADNFLE that single individuals may show a continuum 
of paroxysmal events, beginning with arousals that lack distinc- 
tive epileptiform features and evolving into dystonic attacks and 
more violent events including frank tonic-clonic seizures with 
overt epilep tiform activity suggesting a common epileptic mech- 
anism (Scheffer et al., 1995; Oldani et al, 1998; Provini et al., 
1999, 2000). 

Second, perhaps the DAC is not an epileptic phenomenon but 
rather represents a paroxysmal movemen t disorder. A. number of 
studies have reported the coexis tence of epilepsy and movement 
disorders in the same individuals or in different individuals 
within a family (Guerrini et al., 1999, 2002; Guerrini, 2001 ). In a 
recent report, a mutation was identified in a calcium-sensitive 
potassium channel in childhood-onset paroxysmal nonkinesi- 
genic dyskinesia with absence epilepsy associated with rare tonic- 
clonic seizures and generalized spil ves on electro- 
encephalogram (Du et al., 2005). Of the 13 cases described, 7 had 
paroxysmal dyskinesia alone, 5 had paroxysmal dyskinesia and 
seizures, and 1 had only seizures. The clinical phenotype of a 
genetically defined channelopathy can therefore be either epi- 



explain the difference in the phenotype seen between our S248F 
Klaassen lines. Two notable differences include the 
CD1 background in our S248F mice and use of the Jl ES line by 
Klaassen et al. (2006) versus oi itential 
confounding effect of modifier genes on phenotype was under- 
scored by a report on sodium channel la heterozygous knock- 
out mice that model severe myoclonic epilepsy in infancy. The 
mice showed a dramatically different phenotype depending on 
genetic background: frequent spontaneous seizures in a C57BL/6 
background and no seizures in a 129/SvJ background (Yu et al., 
2006). The late appearance and low penetrance of the dramatic 



• Nicotine-Induced DAC in a Mouse with an ADNFLE Mutation 



• 10141 



juvenile spontaneous seizures in 1,9' A mice in a line established 
some years beforehand also argues for potential modifier gene 
. . ■.. ■ : no 'V, hid d 

Conclusions 

Our S248F line appears to predominantly model dystonic aspects 

of ADNFLF sen 

blockers (possibly related structurally to mecamylamine) that se- 
lectively block S248F mutant channel function would be useful in 
lit cases of ADNFLE. 
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